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METHOD FOR ARTIFACT REDUCTION IN 
CONE-BEAM CT IMAGES 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This application claims the benefit of U.S. provisional 
application Ser. No. 61/249,041 filed Oct. 6, 2009, which is 
incorporated herein by reference. 
The following generally relates to artifact reduction in 

images generated from reconstructed projection data (three 
dimensional (3D) Volumetric image data) and finds particular 
application to computed tomography (CT). However, it also 
amenable to other medical imaging applications and to non 
medical imaging applications. 
A multi-slice computed tomography (CT) scanner includes 

an X-ray tube mounted on a rotatable gantry that rotates 
around an examination region about a longitudinal or Z-axis. 
The X-ray tube emits radiation that traverses the examination 
region and a Subject or object therein. A two-dimensional 
detector array Subtends an angular arc opposite the examina 
tion region from the X-ray tube. The detector array includes a 
plurality of rows of detectors that are aligned with respect to 
each other and that extend along the Z-axis. The detectors 
detect radiation that traverses the examination region and 
generates projection data indicative thereof. A reconstructor 
processes the projection data and reconstructs three-dimen 
sional (3D) volumetric image data indicative thereof. The 
Volumetric image data is processed to generate one or more 
images of the Subject or object. 

Unfortunately, images reconstructed from projection data 
(three-dimensional (3D) volumetric image data) using thin 
slice protocols contain artifacts due to under-sampling (based 
on the Nyquist-Shannon sampling theorem) in the Z-axis (or 
detector-row) direction. The artifacts have been referred to in 
the literature as “splay' or “windmill'artifacts. One approach 
to reducing Such artifacts is to reconstruct thicker slices (e.g., 
two times the acquisition thickness) so that the Nyquist Sam 
pling criteria is met. However, this results in an undesirable 
blurring of the Z-resolution of the image. 

Another approach includes shifting the focal spot of the 
X-ray tube in the Z-direction between each integration period 
of the data acquisition, such that the detector positions are 
essentially staggered by /2 of a detector row between each 
integration period. Unfortunately, this requires significant 
technology development in the X-ray tube and is not appli 
cable to older Scanners without significantly increasing the 
cost of the tube. Another approach is to adaptively upsample 
the data to dynamically smooth large gradients detected in the 
projection data. However, Such smoothing of gradients may 
result in blurring of fine structures in the reconstructed 
images. 

Aspects of the present application address the above-ref 
erenced matters and others. 

According to one aspect, a method includes reducing struc 
tured artifacts in 3D volumetric image data, which is gener 
ated with reconstructed projection data produced by an imag 
ing system, by processing the 3D volumetric image data 
along a Z-axis direction. The 3D volumetric image data 
includes structured artifacts which have high-frequency com 
ponents in the Z-axis direction, and lower-frequency compo 
nents within the x-y plane. 

In another embodiment, a computer readable storage 
medium contains instructions which, when executed by a 
computer, cause the computer to perform the act of process 
ing 3D volumetric image data along a Z-axis direction to 
remove higher frequency components corresponding to 
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2 
structured artifacts to reduce the structured artifacts in the 3D 
Volumetric image data, wherein the 3D volumetric image data 
is generated with reconstructed projection data produced by 
an imaging System. 

In another embodiment, an artifact reducer includes a de 
noiser processor that de-noises selected first data from a copy 
of 3D volumetric image data along a Z-axis direction and then 
de-noises selected second data from the copy of the 3D volu 
metric image data in an x-y plane. The artifact reducer further 
includes a Subtractor processor that subtracts the de-noised 
Z-axis direction data from the copy of the 3D volumetric 
image data prior to selecting and de-noising the data in the X-y 
plane and that Subtracts the de-noised second data from the 
3D Volumetric image data after the de-noised Z-axis data is 
substituted into the copy of the 3D volumetric image data. 

According to another aspect, a method includes Subtract 
ing a set of de-noised axial slices from 3D volumetric image 
data, wherein the de-noised axial slices restore higher fre 
quency components to the image data, including noise, that 
do not correspond to structured artifacts. 
The invention may take form in various components and 

arrangements of components, and in various steps and 
arrangements of steps. The drawings are only for purposes of 
illustrating the preferred embodiments and are not to be con 
Strued as limiting the invention. 

FIG. 1 illustrates an example imaging system in connection 
with an artifact reducer that reduces artifacts in 3D volumetric 
image data. 

FIG. 2 illustrates an example of the artifact reducer of FIG. 
1 that processes coronal and Sagittal slices to reduce the 
artifact. 

FIG.3 illustrates an example of the artifact reducer of FIG. 
1 that processes Z-lines to reduce the artifact. 

FIG. 4 illustrates a method using the artifact reducer of 
FIG 2. 

FIG. 5 illustrates a method using the artifact reducer of 
FIG. 3. 

FIG. 1 illustrates an imaging system 100 Such as a com 
puted tomography (CT) scanner. The imaging system 100 
includes a generally stationary gantry 102 and a rotating 
gantry 104. The rotating gantry 104 is rotatably supported by 
the stationary gantry 102 and rotates around an examination 
region 106 about a longitudinal or Z-axis 108. A patient Sup 
port 110. Such as a couch, Supports an object or Subject such 
as a human patient in the examination region 106. 
A radiation Source 112. Such as an X-ray tube, is Supported 

by the rotating gantry 104. The radiation source 112 emits 
radiation from a focal spot and the radiation traverses the 
examination region 106. A source collimator collimates the 
radiation to form a generally cone, wedge, fan or other shaped 
radiation beam. A two-dimensional radiation sensitive detec 
tor array 114 Subtends an angular arc opposite the radiation 
source 112 across the examination region 106. The detector 
array 114 includes a plurality of rows of detectors that extend 
along the Z-axis 108 direction. The detector array 114 detects 
radiation traversing the examination region 106 and generates 
projection data indicative thereof. The illustrated radiation 
Source 112 is configured so that the focal spot can shift, via a 
controller or the like, in the axial or x/y plane (transverse to 
the Z-axis) between data acquisition integration periods by a 
half of a detector row. 
A general-purpose computing system or computer serves 

as an operator console 118. A processor of the console 118 
executes computer readable instructions on the console 118, 
which allows the operator to control operation of the system 
100 Such as selecting a scan protocol (e.g., a higher resolu 
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tion, thinner slice protocol), activating and deactivating focal 
spot shifting in the X/y plane, initiating scanning, terminating 
Scanning, etc. 
A reconstructor 120 reconstructs the projection data and 

generates three-dimensional (3D) Volumetric image data 
indicative thereof. Where a higher resolution, thinner slice 
protocol is used (e.g., slice thickness between one and two 
times the size of the detector row), the 3D volumetric image 
data may include artifacts which have higher frequency com 
ponents along the Z-axis direction and lower frequency com 
ponents in the X-y plane. In one instance, higher frequency 
refers to artifacts, which have a strong image-to-image varia 
tion or vary strongly by every other image in the Z-direction, 
and low-frequency refers to artifacts that are relatively con 
stant for groups of two or four pixels in the X-y image. Storage 
122 can be used to store the 3D volumetric image data. The 
storage 122 can include local or remote memory or other 
memory such as portable memory, etc. 
An artifact reducer 124 reduces artifacts in the 3D volu 

metric image data, including artifacts due to under-sampling 
along the Z-axis Such as structured artifacts like windmill (or 
splay) artifacts. As described in greater detail below, this 
includes processing the 3D volumetric image data to reduce 
higher frequency components that correspond to the struc 
tured artifacts in the Z-axis directions while preserving other 
higher frequency components. This allows for reducing struc 
tured artifact while retaining Z-axis resolution of structure 
with high Z-gradients (fine details). The artifact reducer 124 
can be implemented as computer readable instructions 
executed by a processor. 

It will be recognized that a similar process can be used to 
eliminate any artifacts which can be isolated such that there 
exists at least one plane in which the artifacts are high-fre 
quency and some other plane in which the artifacts are low 
frequency. As an example, in a CT system without X-y focal 
spot deflection, aliasing artifacts can occur which are high 
frequency in the x-y plane. For such artifacts which have low 
frequency variations in the Z-directions, the artifact reducer 
124 can be used to reduce these artifacts by processing first 
the x-y plane, forming difference images, and then by pro 
cessing X-Zory-Z planes of the difference image data. 

In the illustrated embodiment, the artifact reducer 124 is 
part of the system 100, but separate from the console 118. In 
another embodiment, the artifact reducer 124 is part of the 
console 118. In yet another embodiment, the artifact reducer 
124 is located remote from the system 100, for example, in a 
workstation outside of the exam room in which the system 
100 is located. In still another embodiment, the artifact 
reducer 124 is part of the reconstructor 120. 

FIG. 2 illustrates an example of the artifact reducer 124. A 
data selector 202 selectively selects a subset of images in the 
3D Volumetric image data, containing a minimum number of 
images that may depend on the particular de-nosing algo 
rithm chosen. The illustrated data selector 202 is configured 
to alternately select between coronal, Sagittal, and axial slices 
in the 3D volumetric image data. 
A coronal slice processor 204 generates a copy of the 

selected coronal slices, and a Sagittal slice processor 206 
generates a copy of the selected Sagittal slices. The processors 
204 and 206 employ a de-noiser 208 to remove noise as well 
as structured artifact from the copy of the (or the originally 
selected) coronal and Sagittal slices. An axial slice processor 
210 employs the de-noiser 208 to de-noise selected axial 
slices. 

In the illustrated embodiment, the de-noiser 208 is based 
on the Rudin/Osher/Fatemi algorithm described in L. Rudin, 
S. Osherand E. Fatemi, "Nonlinear total variation based noise 
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4 
removal algorithms.” Physica D 60, 259-268, 1992. Other 
embodiments may employ other algorithms (e.g., low pass 
filtering, non-linear adaptive filtering, image regularization, 
non-linear de-noising, etc.) that reduce the higher frequency 
components corresponding to the structured artifact while 
preserving real edges in the underlying images. 
A subtractor 212 subtracts the de-noised copy of the (or the 

originally selected) coronal and Sagittal slices respectively 
from the originally selected (or the copy of the) coronal and 
Sagittal slices, forming difference coronal and Sagittal slices. 
The difference slices represent the artifacts removed from the 
originally selected coronal and Sagittal slices. The Subtraction 
can be simple subtraction or a weighted Subtraction. 
A reconstructed image data updater 214 replaces the coro 

nal and Sagittal slices in the working copy of the 3D volumet 
ric image data with the difference coronal and Sagittal slices. 
The subtractor 212 also subtracts the de-noised axial slices 

from the 3D volumetric image data with the replacement 
difference coronal and Sagittal slices. In one instance, this has 
the effect of restoring high-frequency components that do not 
correspond to the structured artifact but were removed by 
de-noising of the coronal and Sagittal slices. In some cases, 
this may facilitate restoring visually pleasing components 
that were removed during de-noising of the coronal and Sag 
ittal slices. 

In FIG. 2, the coronal slices are processed and inserted in 
the 3D volumetric image data before the sagittal slices are 
selected from the 3D volumetric image data. In another 
embodiment, the order is reversed, and the Sagittal slices are 
processed and inserted into the 3D volumetric image data 
before the coronal slices are selected from the 3D volumetric 
image data. In either instance, the axial slices are selected and 
processed after the coronal and Sagittal difference slices are 
inserted into the 3D volumetric image data. 

In the above example, the de-noised coronal and/or Sagittal 
slices are used to generate difference coronal and/or Sagittal 
slices that are substituted in the 3D volumetric image data. In 
another embodiment, the de-noised coronal and/or Sagittal 
slices are directly subtracted from the 3D volumetric image 
data. 

FIG. 3 illustrates another example of the artifact reducer 
124. In this embodiment, the data selector 202 selects Z-lines 
from the 3D volumetric image data. The Z-lines are formed by 
choosing a particular X and y coordinate, and taking all the 
Voxels along the Z-axis direction in the Volume at those coor 
dinates. 
A Z-line processor 302 generates a copy of the selected 

Z-lines. The Z-line processor 302 employs the de-noiser 208 
to remove noise (high frequency components) corresponding 
to structured artifact from the copy of the (or the originally 
selected) Z-lines. In the illustrated embodiment, the de-noised 
Z-lines Substitute for the de-noised coronal and Sagittal slices 
described in connection with FIG. 2. A suitable de-noising 
algorithm includes a one-dimensional (1D) or other de-nois 
ing algorithm. 
The subtractor 212 subtracts the de-noised copy of the (or 

originally selected) Z-lines from the originally selected (or 
copy of the) Z-lines, forming difference Z-lines. The differ 
ence Z-lines represent the artifacts removed from the original 
Z-lines by de-noising. Again, the Subtraction can be simple 
Subtraction or a weighted Subtraction. 
The reconstructed image data updater 214 replaces the 

Z-lines in the 3D volumetric image data with the difference 
Z-lines. Then, as discussed above, the axial slice processor 
210 employs the de-noiser 208 to de-noise the selected axial 
slices. 
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The subtractor 212 also subtracts the de-noised axial slices 
from the 3D volumetric image data with the replacement 
difference Z-lines. Like above, this has the effect of restoring 
high-frequency components that do not correspond to the 
structured artifact, restoring visually pleasing components 
that were removed during de-noising of the coronal and sag 
ittal slices. 

In the above example, the de-noised Z-lines are used to 
generate difference Z-lines that are substituted in the 3D volu 
metric image data. In another embodiment, the de-noised 
Z-lines are directly subtracted from the 3D volumetric image 
data. 

In both FIGS. 2 and 3, the artifact reducer 124 reduces 
Substantially only higher frequency components in the Z-axis 
direction that correspond to structured artifacts due to under 
sampling in the Z-axis direction, Such as the windmill artifact, 
with minimal effect on the resolution of structures or other 
wise on the appearance of the image generated with the 3D 
Volumetric image data. In another embodiment, oblique and/ 
or curved slices are additionally and/or alternatively used in 
place of the coronal and/or Sagittal slices. 

FIG. 4 illustrates an example method for reducing struc 
tured artifact based on coronal and Sagittal slices. It is to be 
appreciated that the order of the acts is for explanatory pur 
poses and is not limiting. That is, one or more of the acts can 
occur early or later in the method. In addition, more acts can 
be performed and/or some of the acts may be omitted. 

At 400, reconstructed projection data (3D volumetric 
image data) having artifacts with higher frequency compo 
nents along the Z-axis direction and lower frequency compo 
nents in the x-y plane is obtained. 

At 402, a working volume of the 3D volumetric image data 
is created. 
At 404, a set of coronal slices is identified in the working 

Volume. 
At 406, a copy of the set of coronal slices is generated. 
At 408, the copy of the set of coronal slices is de-noised. 
At 410, the de-noised set of coronal slices is subtracted 

from the copy of the set of coronal slices, forming a difference 
set of coronal slices. 
At 412, the corresponding set of coronal slices in the work 

ing volume is replaced with the difference set of coronal 
slices. 
At 414, a set of Sagittal slices is identified in the working 

Volume. 
At 416, a copy of the set of Sagittal slices is generated. 
At 418, the copy of the set of sagittal slices is de-noised. 
At 420, the de-noised set of sagittal slices is subtracted 

from the copy of the set of Sagittal slices, forming a difference 
set of Sagittal slices. 
At 422, the corresponding set of sagittal slices in the work 

ing volume is replaced with the difference set of sagittal 
slices. 
At 424, after the coronal and sagittal difference slices are 

inserted into the working Volume, a set of axial slices is 
identified in the working volume. 

At 426, the selected axial slices are de-noised. 
At 428, the de-noised set of axial slices is subtracted from 

the original 3D volumetric image data. 
As discussed herein, the resulting 3D Volumetric image 

data has reduced structured artifact relative to the initial 3D 
Volumetric image data. 

FIG. 5 illustrates another example method for reducing 
structured artifact based on Z-lines. It is to be appreciated that 
the order of the acts is for explanatory purposes and is not 
limiting. That is, one or more of the acts can occur early or 
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6 
later in the method. In addition, more acts can be performed 
and/or some of the acts may be omitted. 
At 500, reconstructed projection data (3D volumetric 

image data) having artifacts with higher frequency compo 
nents along the Z-axis direction and lower frequency compo 
nents in the x-y plane is obtained. 
At 502, a working volume of the 3D volumetric image data 

is created. 
At 504, a set of Z-lines is identified in the working volume. 
At 506, a copy of the set of Z-lines is generated. 
At 508, the copy of the set of Z-lines is de-noised. 
At 510, the de-noised set of Z-lines is subtracted from the 

copy of the set of Z-lines, forming a difference set of Z-lines. 
At 512, the corresponding set of Z-lines in the working 

volume is replaced with the difference set of Z-lines. 
At 514, after the difference set of Z-lines is inserted into the 

working Volume, a set of axial slices is identified in the 
working Volume. 
At 516, the selected axial slices are de-noised. 
At 518, the de-noised set of axial slices is subtracted from 

the original 3D volumetric image data. 
Again, the resulting 3D volumetric image data has reduced 

structured artifact relative to the initial 3D volumetric image 
data. 
The artifact reducer 124 described herein can be used with 

medical and non-medical imaging systems such as low- and 
high-end CT scanners, including legacy, current, and next 
generation Scanners. This includes CT scanners with tubes 
capable of or not capable of focal spot movement in either the 
Z-axis or x-y direction. It also includes other systems, such as 
C-arm X-ray devices, which are capable of tomographic 
imaging. Applications include general radiology, including 
protocols with thin-slice images (e.g., CT-Angiography, 
boneforthopedic imaging, etc.). 
The invention has been described herein with reference to 

the various embodiments. Modifications and alterations may 
occur to others upon reading the description herein. It is 
intended that the invention be construed as including all Such 
modifications and alterations insofar as they come within the 
Scope of the appended claims or the equivalents thereof. 
What is claimed is: 
1. A method, comprising: 
reducing structured artifacts in 3D volumetric image data, 

which is generated with reconstructed projection data 
produced by an imaging system, by processing the 3D 
Volumetric image data along a Z-axis direction, wherein 
the 3D volumetric image data includes structured arti 
facts which have high-frequency components in the 
Z-axis direction, and lower-frequency components 
within the x-y plane, the processing, comprising: 

de-noising a copy of a set of coronal slices in a working 
volume of the 3D volumetric image data; 

generating a set of difference coronal slices by Subtracting 
the set of de-noised coronal slices from the copy of the 
set of coronal slices; 

substituting the difference coronal slices for the set of 
coronal slices in the working Volume; 

de-noising a copy of a set of Sagittal slices in working 
Volume; 

generating a set of difference Sagittal slices by Subtracting 
the set of de-noised sagittal slices from the copy of the 
set of Sagittal slices; 

substituting the difference sagittal slices for the set of coro 
nal slices in the working Volume; 

de-noising a copy of a set of axial slices in the working 
Volume after Substituting the coronal and Sagittal differ 
ence slices in the working Volume; and 
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subtracting the set of de-noised axial slices from the 3D 
Volumetric image data. 

2. The method of claim 1, wherein the structured artifacts 
correspond to undersampling in the Z-axis direction. 

3. The method of claim 1, wherein the structured artifacts 
are windmill artifacts. 

4. The method of claim 1, wherein the Z-axis resolution of 
the processed 3D volumetric image data is the same as the 
Z-axis resolution of the unprocessed 3D volumetric image 
data. 

5. The method of claim 1, wherein the processing includes 
de-noising the 3D volumetric image data. 

6. The method of claim 1, wherein the de-noised axial 
slices restore higher frequency components, including noise, 
that do not correspond to the structured artifacts. 

7. The method of claim 1, further comprising: 
de-noising a copy of a set of Z-lines in a working Volume of 

the 3D volumetric image data; 
generating a set of difference Z-lines by Subtracting the set 

of de-noised Z-lines from the copy of the set of Z-lines; 
substituting the set of difference Z-lines for the set of 

Z-lines in the working Volume; 
de-noising a copy of a set of axial slices in the working 
volume after substituting the set of difference Z-lines in 
the working Volume; and 

subtracting the set of de-noised axial slices from the 3D 
Volumetric image data. 

8. The method of claim 7, wherein the de-noised axial 
slices restore higher frequency components that do not cor 
respond to the structured artifacts. 

9. The method of claim 1, wherein the processing reduces 
higher frequency artifact components along the Z-axis. 

10. The method of claim 1, wherein the processing reduces 
higher frequency artifact components along in the x-y plane. 

11. The method of claim 1, wherein the imaging system 
includes a radiation source not configured for focal spot shift 
ing. 

12. A non-transitory computer readable storage medium 
containing instructions which, when executed by a computer, 
cause the computer to perform the act of 

processing 3D volumetric image data along a Z-axis direc 
tion to remove higher frequency components corre 
sponding to structured artifacts to reduce the structured 
artifacts in the 3D volumetric image data, wherein the 
3D Volumetric image data is generated with recon 
structed projection data produced by an imaging system, 
the processing, comprising: 

generating a set of de-noised Z-lines by de-noising a set of 
Z-lines in a working Volume of the 3D volumetric image 
data; 

generating a set of Z-line differences by Subtracting the 
de-noised set of Z-lines from the set of Z-lines in the copy 
in the working Volume; 

replacing the set of Z-lines in the working Volume with the 
Z-lines difference slices; 

de-noising a set of axial slices of the working Volume after 
replacing the set of Z-line differences in the working 
Volume; and 

subtracting the set of de-noised axial slices from the 3D 
Volumetric image data. 

13. The non-transitory computer readable storage medium 
of claim 12, wherein the structured artifact is windmill arti 
fact. 

14. The non-transitory computer readable storage medium 
of claim 12, wherein the storage medium further contains 
instructions which, when executed by the computer, cause the 
computer to perform the acts of: 
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8 
generating a set of de-noised coronal slices by de-noising a 

set of coronal slices in a working Volume of a copy of the 
3D Volumetric image data; 

generating a set of coronal difference slices by Subtracting 
the de-noised set of coronal slices from the set of coronal 
slices in the working Volume; 

replacing the set of coronal slices in the working Volume 
with the coronal differences slices; 

generating a set of de-noised Sagittal slices by de-noising a 
set of Sagittal slices in the working Volume; 

generating a set of Sagittal difference slices by Subtracting 
the de-noised set of sagittal slices from the set of sagittal 
slices in the working Volume; 

replacing the set of Sagittal slices in the working Volume 
with the sagittal difference slices: 

de-noising a set of axial slices in the working Volume after 
replacing the coronal and Sagittal differences slices in 
the working Volume; and 

subtracting the set of de-noised axial slices from the 3D 
Volumetric image data. 

15. The non-transitory computer readable storage medium 
of claim 12, wherein the de-noised axial slices restore higher 
frequency components that do not correspond to the struc 
tured artifacts. 

16. The non-transitory computer readable storage medium 
of claim 12, wherein the 3D volumetric image data has arti 
facts with higher frequency components along the Z-axis and 
lower frequency components along a plane transverse to the 
Z-axis. 

17. An artifact reducer, comprising: 
a de-noiser processor that de-noises selected first data from 

a copy of 3D volumetric image data along a Z-axis direc 
tion and then de-noises selected second data from the 
copy of the 3D volumetric image data in an x-y plane; 
and 

a subtractor processor that subtracts the de-noised first data 
from the copy of the 3D volumetric image data prior to 
Selecting and de-noising the data in the X-y plane and 
that subtracts the de-noised x-y plane data from the 3D 
Volumetric image data after the de-noised Z-axis data is 
substituted into the copy of the 3D volumetric image 
data, 

wherein one of coronal or Sagittal slices is de-noised and 
subtracted from the copy of the 3D volumetric image 
data and then the other of the coronal or Sagittal slices is 
de-noised and subtracted from the copy of the 3D volu 
metric image data. 

18. The artifact reducer of claim 17, wherein the first data 
corresponds to Z-lines in the copy of the 3D volumetric image 
data. 

19. The artifact reducer of claim 17, wherein the artifact 
reducer reduces structured artifacts in the 3D volumetric 
image data. 

20. The artifact reducer of claim 17, wherein a Z-axis 
resolution of the 3D volumetric image data before the de 
noising and Subtractions is the same as a Z-axis resolution of 
the unprocessed 3D Volumetric image data after the de-nois 
ing and Subtractions. 

21. The artifact reducer of claim 17, wherein subtracting 
the de-noised second data from the 3D volumetric image 
restores higher frequency components that do not correspond 
to the structured artifacts. 

22. The artifact reducer of claim 19, wherein the artifact 
reducer is part of a reconstructor of an imaging system. 

23. A method, comprising: 
reducing structured artifacts in 3D volumetric image data, 

which is generated with reconstructed projection data 
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produced by an imaging system, by processing the 3D 
Volumetric image data along a Z-axis direction, wherein 
the 3D volumetric image data includes structured arti 
facts which have high-frequency components in the 
Z-axis direction, and lower-frequency components 5 
within the x-y plane, the processing, comprising: 

de-noising a copy of a set of Z-lines in a working Volume of 
the 3D volumetric image data; 

generating a set of difference Z-lines by Subtracting the set 
of de-noised Z-lines from the copy of the set of Z-lines: 10 

substituting the set of difference Z-lines for the set of 
Z-lines in the working Volume; 

de-noising a copy of a set of axial slices in the working 
volume after substituting the set of difference Z-lines in 
the working Volume; and 15 

subtracting the set of de-noised axial slices from the 3D 
Volumetric image data. 
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